The FIRE design for a burning plasma experiment is described in terms of its physics basis and engineering features. Systems analysis indicates that the device has a wide operating space to accomplish its mission, both for the ELMing H-mode reference and the high bootstrap current/high β advanced tokamak regimes. Simulations with 1.5D transport codes reported here both confirm and constrain the systems projections. Experimental and theoretical results are used to establish the basis for successful burning plasma experiments in FIRE.
Introduction
The Fusion Ignition Research Experiment (FIRE) is a compact high field copper magnet tokamak design for the study of burning plasma physics [1] . Its primary goal is to explore the physics of self-heated plasmas by obtaining a fusion gain Q(Pfus/Paux)~10 with flattop times greater than 1.5 times the current redistribution time, and a cost target of ~ $1B. Inductively driven plasmas with ELMing (edge localized mode) H-mode energy confinement is the reference operating regime and this is used as the basis for projecting the global energy confinement time [2] . The device is also capable of examining advanced tokamak (AT) regimes with additional heating/current drive [3] . The main plasma parameters are Ip=7.7 MA, Bt=10 T, R=2.14 m, a=0.595 m, κ=2.0, δ=0.7, and q95>3.0. Additional plasma parameters are listed in Table 1 .
Physics Basis and Engineering Features
Strong plasma shaping is pursued with a separatrix elongation of 2.0 and triangularity of 0.7, with double null (DN) operation. The triangularity is limited by the distance between the x-point and strike point on the inboard side to provide sufficient distance for power dissipation. Calculations indicate that the inboard should detach [4] over a wide range of parameters. The high triangularity provides higher ideal MHD beta limits, and leads to higher pedestal pressures [5] [6] [7] and access to higher plasma densities relative to the Greenwald density limit [7] with no energy confinement degradation. Although higher triangularity has led to less frequent, and therefore stronger, ELMs [8, 9] , recent data with a pumped divertor indicates that this is not necessarily the case [10] . The plasma elongation is limited by the n=0 axisymmetric (or vertical) instability. Copper stabilizing plates, 1.5 cm thick, are joined to the inner shell of the stainless steel vacuum vessel (VV) in the upper outboard and inboard to provide passive stabilization. The growth times, at βp=0.1, for the instability are between 19 and 43 ms for li (plasma internal self-inductance) values between 1.1 and 0.7, respectively. These lead to stability factors (1+τg/τL/R) between 1.15 and 1.3. Vertical position control is provided by a pair of coils located behind the inner VV wall, but inside the outer VV and TF coils. The peak feedback control power requirement is in the range of 6-12 MVA.
The assumed lower limit on the plasma safety factor at the 95% flux surface is 3.0 for reliable (nondisruptive) plasma operation. It has been suggested that reliable operation with q95 below 3.0 is possible [11] . This has not been examined in detail for FIRE.
The reference operating point for FIRE has a βN value of 1.6, to be below the expected neoclassical tearing mode (NTM) limit, which is in the range of 2-2.5. The precise condition for these modes to become unstable in the burning plasma regime is uncertain, and so the FIRE design has chosen to operate at low βN. Initial simulations of stabilization of the (3,2) island with lower hybrid current drive (LHCD) for FIRE appear promising, and both experimental [12] and theoretical [13] evidence indicate this should be possible by locally altering the current profile to make ∆' more negative. LHCD is considered an upgrade for FIRE, and is why a low operating βN is used. The projected ideal MHD limit with no wall stabilization, for n=∞ ballooning and n=1 external kink instabilites, show the maximum βN around 3.0, including the proper relaxed ohmic current profiles with self-consistent bootstrap current. Higher βN values can be achieved with feedback and/or plasma rotation stabilization [14, 15] , and are important for advanced tokamak operating modes to be discussed later.
The plasma impurity assumption for the FIRE design is 3% Be, which combined with He ash gives a Zeff of 1.4. Beryllium is the plasma facing material for the first wall. The projected impurity concentration [16] for the high plasma densities in FIRE is less than 0.4% for Be. Since noble gases have been shown experimentally to be good candidates (Ne and Ar) for controlling plasma radiation, the extra 2.6% Be is intended to account for this. This is equivalent to 0.1% Ar, which is found to double the radiated power from the plasma [17] . The helium concentration must be found from self-consistent power and particle balance, and is about 2%. This assumes a ratio of effective particle confinement time to energy confinement time, τ(He)*/τ(E), of 5.0, which has been achieved on pumped divertor experiments [18] .
The plasma density and its profile are critical parameters in burning plasmas since they strongly impact the plasma power balance. The peak plasma density in FIRE, for the reference operating mode, is 5.3x10^20 /m^3, and the assumed peak to volume average density is 1.2. The peaking is expected from pellet fueling from the inboard and vertical directions, based on experiments showing significantly deeper penetration compared to outboard pellet launch [19, 20] . The density value at the plasma separatrix is taken to be 0.3 times the peak value, giving 1.6x10^20 /m^3. The combination of pellet fueling and density peaking are also observed experimentally to be a primary method to approach or exceed the Greenwald density limit without energy confinement degradation. The FIRE reference density divided by the Greenwald density (n/nGr) is 0.65, which is well supported in the energy confinement database, and is not expected to result in confinement degradation regardless of the actual density peaking.
Since the projections of global energy confinement time for the design of burning plasma experiments are uncertain, a database of a large number plasma discharges from tokamak experiments has been established to generate scaling relations, which has produced both a global energy confinement time expression for type I ELMing H-mode plasmas [2] and an H-mode power threshold expression [21] . The ratio of the power lost through the plasma boundary to the threshold power to enter the H-mode, P(loss)/P(LH), is 1.3 for the reference operating mode in FIRE, with the threshold power being 25 MW. The plasma typically enters the H-mode earlier in the discharge during the rampup phase, but some margin to the threshold may be desirable during the flattop burning phase. Recent experiments show that a number of variations of the H-mode and ELM behavior outside of the standard model can be established with desirable properties [10, [22] [23] [24] , and it is clear that some form of low amplitude ELMs are necessary to maximize divertor lifetime. Previously the threshold power was reported to be higher for DN plasmas versus single null (SN) plasmas, however, the most recent evidence from DIII-D indicates that the threshold power for DN is the same or less than that for SN [25] . The energy confinement time scaling law that has been applied to ITER, designated by IPB98(y,2), estimates a global energy confinment time of 0.93 s for FIRE. The proposed value for the device is 1.0 s based on a recent examination of parameters not included in the scaling expression [26] , in particular, triangularity, proximity to the Greenwald density limit, and density profile peaking. The correction to the scaling law gives an additional factor of 1.07 for FIRE, which recovers the τ(E) value of 1.0 s.
The plasma auxiliary systems include diagnostics for plasma control and analysis [27] . The heating for FIRE reference operation is provided by 20 MW of ion cyclotron (ICRF) in the frequency range of 80-120 MHz, utilizing 4 ports. Port space is alloted for an additional 10 MW upgrade if required. A total of 20 MW of LHCD is reserved as an upgrade for advanced tokamak (AT) operation and NTM control. Plasma fueling is provided by gas injection and pellet fueling, including high field side, vertical and low field side launch. Divertor pumping is achieved with 16 cryopumps, 8 above and 8 below the midplane, in slanted ports behind the outboard divertor modules. These pumps are backed up by turbo/drag pumps outside the biological shield. The predicted peak heat flux on the divertor ranges from 5 to 25 MW/m^2 [4] , the lower values corresponding to detached and the higher to attached operation. The plasma facing surface in the divertor is tungsten bonded to a CuCrZr heat sink. All other plasma facing surfaces are beryllium coated copper.
The reference flattop is 20 s, with a 7 s plasma current rampup, and a 7 s rampdown. This flattop provides approximately 2 current relaxation times, 4 effective helium confinement times, and 20 energy confinement times. The flattop is limited by the toroidal field (TF) coil heating, vacuum vessel nuclear heating which causes a stress limit, and surface and nuclear heating of the first wall tiles. The TF coils can provide 10 T for 20 s, 9.5 T for 26 s, and 8.5 T for 35 s, and so on. The VV nuclear heating limits the flattop to 20 s at a fusion power of 200 MW. Finally, the FW tile heating, with conservative assumptions of 120% radiated power, is not limiting until flattop times of more than 50 s. The neutron wall loading is 2.0 MW/m^2 at 150 MW of fusion power. The poloidal field (PF) coils can provide both inductive current drive and plasma equilibrium, over a range of li, βp, and flux state. Stress limits determine the maximum volt-seconds obtainable from the PF coils, in particular, the central solenoid coils, which is approximately 55 V-s. Radial position and shape control are provided by the PF coils, while vertical position control is provided by an internal control pair.
The maximum TF coil ripple at the outboard midplane is 0.3% since the outboard legs of the coil are far from the plasma. This results in a total ripple loss, collisionless stochastic plus collisional, of 0.3%. For the advanced tokamak the losses are larger due to higher safety factors. Two cases were examined to bracket the possible range, one with Ip=5.7 MA and Bt=9.0 T and the second with Ip=4.5 MA and Bt=6.75 T, both with q(0)=3.0 and q(min)=2.5. The first case yielded a total loss of 2.4% while the second gave a loss of 7.7%. Alfven eigenmodes and energetic particle modes are potential instabilities that can lead to alpha particle loss or broadening of the alpha heating profile. This is presently being studied for FIRE.
Systems Analysis of Operating Regions
0D systems calculations have been used to assess the operating range of FIRE within various physics and engineering constraints. The systems analysis contains plasma power balance, particle balance, and flux consumption combined with several physics expressions. In addition, the temperature and stress on the TF and OH coils can be included to solve for the device radial build as the plasma shape and aspect ratio are varied. The determination of optimum aspect ratio for the inductive operating mode, that which gives the minimum major radius, gives a broad minimum between 3.5 and 3.8, for cryogenically cooled copper TF and PF coils used in FIRE. From this analysis the major radius for FIRE is chosen to be 2.14 m at an aspect ratio of 3.6.
With the device geometry fixed the operating space can be determined by varying the Q, n/nGr, and fusion power. The IPB(y,2) global energy scaling has been used to determine the value of H98(y,2) required for power balance, and various assumptions for other parameters are in Table 1 . Shown in Fig. 1 is the fusion power versus the H98(y,2) factor required for power balance, with Q values ranging from 5 to 20. Also shown are constant n/nGr contours for Q=10. The solid curves for the various Q values correspond to n/nGr=0.8. The operating region is cutoff in the vertical direction by either the maximum auxiliary power exceeding 30 MW or βN exceeding 2.5. The lower boundary corresponds to a P(loss)/P(LH) of 1.0. The reference operating point is noted and lies near the boundary for Q=10 operation because the contours of n/nGr are crowding together there. Due to the high sensitiviy of Q to the H98 factor, minor improvements in the confinement allow high Q values, shown by the closely nested contours. Also noted is the 200 MW fusion power where the flattop time is 20 s, higher fusion powers would require shorter flattop times. The density and temperature profiles, and the energy confinement scaling strongly affect the operating space.
To determine the operating space for AT plasmas, again the major and minor radius, and elongation, triangularity and aspect ratio are fixed. These have been set by the reference ELMy H-mode inductively driven design point. An expression for the bootstrap current fraction and current drive power is included. A large number of plasma configurations are generated by varying the toroidal field (from 6.5-9.5 T), q95 (from 3.1-4.7), peak to average density (from 1.25 to 2.0), βN (from 2.5-4.5), and n/nGr (from 0.45-0.85). The acceptable solutions are constrained to have a given Q value, the external current drive power must be less than the total auxiliary power injected into the plasma, and the fusion power must be less than 250 MW. The current drive efficiency used in these scans is ηcd=0.45 A/W-m2 and is based on detailed LH and ICRF/FW analysis for FIRE. Shown in Fig. 2 is the current drive power as a function of the H98(y,2) factor, for specific values of Bt=8.5 T, βN=3.0, and Q=5. The plot shows curves of constant q95, which are also constant bootstrap current fraction. In addition, curves for different values of the peak to average density are shown. The major conclusions from this analysis are that Q=5 requires H98(y,2) factors greater than 1.2. The peaking of the density is a high leverage quantity both for plasma power balance and for increasing the bootstrap current fraction. Although higher n/nGr improves power balance allowing lower H98(y,2) factors, it increases the current drive power, since noninductive sources of current are more efficient at high temperature and low density. In fact, the lowest H98(y,2) factors correspond to n/nGr=0.95 and n(0)/<n>=2.0 while the current drive power is near its maximum. It should be noted that the IPB(y,2) scaling penalizes high βN, and it is not clear that this is supported by the experimental data for any particular device.
Simulation of the Reference Operating Scenario
The Tokamak Simulation Code [28] (TSC) is used to provide the 1.5D simulation of the FIRE reference discharge. Here the plasma density and its profile are specified, while the energy transport is modeled with GLF23. Shown in Fig. 3 are some time histories, in Fig. 4 are the various powers into the plasma, and in Fig. 5 are the flattop profiles of density, temperature, and current density. The plasma current is ramped up in 7 s, which is sufficiently slow to allow the sawtooth to relax to its final radius of 0.2 m before heating is applied. The plasma is grown off the inboard limiter and reaches full size by about 4 s. The ohmic heating reaches just over 5 MW before 20 MW of ICRF power is injected at 4.8 s. The plasma enters H-mode, and then the density is ramped up faster to its final value by 9 s. The electron and ion peak temperatures reach about 4 keV from the ohmic heating alone, and then rise to about 11 keV when the auxiliary heating begins. The plasma breakdown consumes 2 V-s, the rampup consumes 40 V-s, and the 20 s flattop consumes 3.7 V-s. A feedback system is used to control the plasma stored energy by adjusting the auxiliary power. This causes the auxiliary power to drop after about 9 s, when the stored energy has reached its final value 34.5 MJ, to about 12.5 MW. The global energy confinement time is 1.0 s in flattop. The alpha power is 30 MW, the ohmic power is 1.5 MW, and the bremsstrahlung loss is 9.6 MW. The peak density is 5.3x10^20 /m^3, the peak temperature is 11.6 keV with sawtooth flattening, and 16.5 keV without flattening. The Zeff reaches its peak value of 1.4 with 3% Be impurity, the bootstrap fraction reaches 0.18, and the volume average He density is 8.0x10^18 /m^3 with τ(He)*/τ(E) assumed to be 5.0. The βN reaches 1.63, li is 0.77, βp is 0.8, and n/nGr is 0.67. This simulation resulted in a Q of 12, however, the energy transport model is quite sensitive to the pedestal temperature, which here was adjusted to recover the IPB(y,2) scaling, with a factor of 1.07, and had the value of 3.7 keV.
Simulation of an Advanced Tokamak Scenario
Equilibrium and ideal MHD stability analysis, combined with LHCD calculations, identified attractive targets for advanced tokamak operation, the most attractive having q(min) just above 2.0 and r/a(qmin)=0.8. The low order NTMs could be avoided, although the (5,2) and (3,1) surfaces will be present. The location of q(min) is determined by the penetration of the LH waves for expected FIRE parameters. On axis current drive requirements from ICRF/FW are typically less than 0.4 MA. The maximum βN, determined for n=∞ ballooning and n=1 external kink modes, with no wall stabilization is 2.5. For a perfectly conducting wall located at the VV location the βN for the n=1 mode could rise to 4.6. Calculations performed with the VALEN [30] code using feedback control coils located in the ports indicate that βN can reach 3.8.
TSC is used to simulate the AT discharge, with the LSC [29] ray tracing package connected for the lower hybrid current drive calculations. The fast wave is not calculated self-consistently, but modelled as a prescribed profile and current drive efficiency. The primary goal is to establish quasi-stationary burning plasmas for the flattop, where the current and safety factor profiles do not significantly change. Although inductive and non-inductive current drive are used to ramp the plasma current up, the flattop plasma has 100% non-inductive current provided by the combination of bootstrap, lower hybrid, and fast wave current.
The parameters for this simulation are Bt =8.5 T, Ip=5.4 MA, βN=3.5, β=4.5%, I(BS)=3.6 MA, I(LH)=1.5 MA, I(FW)=0.35 MA, and Q=7.8 with H98(y,2)=1.6. Shown in Figs. 6 and 7 are the plasma current density and safety factor, and the currents and powers driven in the plasma, respectively. The plasma current is ramped up over 10 s, and the flattop is 32 s long. Shown in Fig. 6 are some time histories, and in Fig. 7 are the flattop current density and safety factor profiles. A maximum of 15 MW of ICRF power, to drive the small on axis current and heat the plasma, is injected during the rampup, and dropped to 7 MW in the flattop. The LH power increases to 20 MW during rampup and remains there for the flattop. This provides both off-axis current drive and heating to electrons. The density relative to Greenwald density reaches 0.5, with the peak density reaching 4.7x10^20 /m^3, and with a peak to average density of 1.6. The energy confinement time in flattop is 0.6 s, which is 1.6 times the IPB98(y,2) scaling. The peak electron temperature reaches 24 keV, while that for the ions is 20 keV, and the peak to average temperatures for both species is 2.0. About 22 V-s were used in the plasma current rampup, which is about 55% of that required to ramp to the reference current inductively. The flattop alpha power was 42 MW. The bremsstrahlung radiation loss was 6.6 MW. The impurity is taken to be 3% Be, which resulted in a Zeff of 1.41 with the He included. The volume average He density was 1.82x10^19 /m^3. The bootstrap current fraction is 66%, with LH providing 28% and FW the remaining 6%. The high bootstrap fraction is due to a βN of 3.5 in combination with a stronger density peaking than is typical of standard ELMy H-modes. Although pellet fueling might provide some peaking, it is expected that the formation of an internal transport barrier will provide more significant peaking. Transport calculations to predict the formations of an ITB are underway. The density peaking is also important for efficient LH current drive, whose efficiency scales as T/n, by keeping the density lower in the deposition region.
Conclusions
The FIRE design with copper TF and PF magnets can provide a compact device for the study of burning plasma physics. The operating space for FIRE allows the study of burning plasmas at various Q values, for time scales greater than the current redistribution time, for an inductively driven plasma in the ELMing H-mode regime. A combination of experimental data on present tokamaks and theoretical modeling and simulation is being used to establish the basis for a successful experiment. In addition, the device has the capability to access a significant operating space for burning plasmas in the high bootstrap current/high β advanced tokamak regime. This is accomplished by varying the toroidal field and plasma current, and supplying LH and ICRF/FW current drive. Successful AT experiments in FIRE will rely on experimental and theoretical development in the areas of internal transport barriers, feedback stabilization of the n=1 kink mode, and plasma edge control in present tokamaks. 
